ABSTRACT-The use of echocardiography in the intensive care unit for patients in shock allows the accurate measurement of several hemodynamic variables in a noninvasive way. By using echocardiography as a hemodynamic monitoring tool, the clinician can evaluate several aspects of shock states, such as cardiac output and fluid responsiveness, myocardial contractility, intracavitary pressures, and biventricular interactions. However, to date, there have been few guidelines suggesting an objective hemodynamic-based examination in the intensive care unit, and most intensivists are usually not familiar with this tool. In this review, we describe some of the most important hemodynamic parameters that can be obtained at the bedside with transthoracic echocardiography.
INTRODUCTION
Bedside echocardiography is considered one of the most promising tools for hemodynamic monitoring in the intensive care unit (ICU) because it is a fast and noninvasive way to accurately assess hemodynamics (1) .
A number of studies have already demonstrated the usefulness of this tool to establish the diagnosis and management of the critically ill (2Y5). However, to date, few specific documents have defined competence in critical care echocardiography (6) or established guidelines suggesting an objective hemodynamic-based examination in the ICU (7) . Not surprisingly, most intensivists are usually not familiar with echocardiography (1) .
In this article, we will review some of the most important hemodynamic parameters that can be provided by echocardiography, focusing on the ones that can be more easily obtained by the noncardiologist intensivist using the transthoracic approach, which is the first choice for most patients (8) .
ECHOCARDIOGRAPHIC APPLICATIONS
By performing a brief goal-oriented echocardiogram, the frontline intensivist can obtain a qualitative assessment of the left ventricular (LV) cavity size and function, cardiac output (CO) measurement, right ventricular (RV) cavity size and function, identification and quantification of pericardial effusion, and assessment of fluid responsiveness (Table 1) . After obtaining these data, the intensivist can categorize the cause of shock, choose the management strategy, and monitor it through subsequent examinations.
Diagnosis of cardiac tamponade
Although the diagnosis of cardiac tamponade is not a common one in daily clinical practice at the ICU, it must be promptly suspected in a patient with shock because the diagnostic confirmation dramatically alters the subsequent therapeutic strategy.
Cardiac tamponade is a hemodynamic condition characterized by equal increases in atrial and pericardial pressures, a marked inspiratory decrease in arterial systolic pressure (pulsus paradoxus or paradoxical pulse), and arterial hypotension. Although the absolute intracardiac pressures are elevated, the transmural pressures (i.e., cavitary diastolic pressure minus pericardial pressure) are practically zero or even negative. The greatly reduced preload is responsible for the fall in CO, and when compensatory mechanisms are exhausted, arterial pressure decreases. At echocardiography, in addition to the presence of pericardial effusion, anatomical and Doppler alterations are more noticeable during inspiration (in the spontaneously breathing patient) when there is an increase in venous return (9) .
Echocardiography is the procedure of choice for the diagnosis of pericardial effusion, with excellent sensitivity and specificity (10) . The diagnostic feature at echocardiography is the persistence of an echo-free space between the parietal and visceral pericardia throughout the cardiac cycle. Separations that are observed exclusively during systole represent clinically insignificant accumulations.
During inspiration (in the spontaneously breathing patient), a greater than normal increase in RV dimension and decrease in LV dimension occur in many cases of tamponade. In this respiratory phase, tricuspid and pulmonary flow velocities measured by Doppler echocardiography markedly increase, and flow velocities in the mitral and aortic valves significantly decrease.
It is important to remember that clinically significant tamponade is a clinical diagnosis and Bechocardiographic signs of tamponade[ are not enough for a pericardiocentesis indication.
CO measurement
The measurement of CO has a profound impact on the choice of the best treatment strategy. Importantly, the sequential measurements of CO can determine the evolution of the disease and the impact of the chosen therapies.
Cardiac output can be defined as the product of heart rate and stroke volume (SV) (i.e., the amount of blood that is pumped by the heart at every beat). Stroke volume can be calculated as the cross-sectional area of an orifice of the heart, most commonly the LV outflow tract (LVOT), multiplied by the velocity time integral (VTI) of flow through this orifice (11) . The VTI is equal to the area under the curve of velocity over time, obtained through Doppler velocimetry. In practice, LVOT diameter is measured at the level of the aortic valve leaflet insertion from the parasternal long-axis view, and the area is calculated as : Â d 2 /4, considering a spherical shape. Aortic blood flow is recorded from the apical 5-chamber view with sample volume placed at the same level (Fig. 1) .
Summarizing:
Other methods, such as cavitary volume estimate during systole and diastole, can be used to calculate the CO, but they are more cumbersome and less reliable (12) .
It is important to observe that in addition to determining the CO value, echocardiography can give clues to the cause of the low CO, such as hypovolemia, hypocontractility, or acute cor pulmonale, as described.
Assessment of LV systolic function
Left ventricular systolic function depends on preload, afterload, contractility, and heart rate. In fact, systolic function is often used as a surrogate for myocardial contractility. The most commonly used marker of contractility is the ejection fraction (EF), which can be defined as EF (%) = LVEDV j LVSV/LVEDV, where LVEDV is the LV end-diastolic volume and LVSV is the LV end-systolic volume.
There are several ways to estimate the ejection fraction; the most common one uses formulas to calculate volumes using the systolic and diastolic diameters. The most common conversion method is the Teichholz method, for which volume is determined as follows: Volume = (7/
It is noteworthy that the EF can also be visually estimated with reasonable accuracy when compared with quantitative methods (13, 14) . For practical purposes, we suggest a subjective categorical (normal to slightly impaired or moderate to severe dysfunction) estimation of myocardial contractility.
However, the ejection fraction obtained by any method is not a precise indicator of contractility, as it is influenced by preload and especially by afterload (15) . When a more precise estimation of contractility is needed, other less load-dependent indices should be used.
The dP/dt (delta pressure/delta time) ratio measures the rate of pressure development, and it is the first derivative of the velocity slope. Pressure can be measured using the simplified Bernoulli equation (explained in the section on pressure measurement). The longer it takes to develop pressure, the worse the contractility. Peak LV dP/dt occurs typically before the aortic valve opens, thus limiting the influence of afterload. It requires the presence of mitral regurgitation, and it is determined by measuring the time it takes for the mitral regurgitation jet to increase from 1 m/s to 3 m/s.
Assessment of right cardiac function and leftward septal shift
Right ventricular function and biventricular interactions can be evaluated by transthoracic echocardiography. The first step is to measure the size of the RV chamber from the apical view. The ratio of RV to LV area can be measured as an index of RV size. When this ratio is greater than 0.6, the right ventricle is considered to be moderately dilated; when this ratio is greater than 1, the dilation is critical (16) .
In an analog manner to the LV contractility evaluation, RV contractility can be subjectively estimated by observing the movements of the right ventricle, especially from the apical view.
Septal movement should be examined thoroughly using mainly the LV short-axis view. An acute leftward septal shift can be visualized in patients with acute respiratory distress syndrome and pulmonary embolism, and when associated with RV dilation, it defines acute cor pulmonale (17) .
Intracavitary pressure measurements
In recent years, pressure measurements have lost some of its importance because of its inaccuracy in predicting fluid responsiveness (18) . However, there are still good reasons to estimate intracavitary pressures, such as in the differential diagnosis of acute respiratory failure using left atrial pressure or its surrogate, pulmonary artery occlusion pressure (19) .
Doppler techniques are the basis for the assessment of intracardiac pressures. Doppler echocardiography does not, however, measure intracardiac pressures directly, but rather measures the velocity of moving blood. To convert velocities into pressures, a simplified form of the Bernoulli equation is used to calculate pressure differences between cardiac chambers (20) :
2 , where $P represents the peak instantaneous or maximal pressure gradient, and V 2 is the blood velocity distal to the analyzed orifice.
It can be easily verified that the Bernoulli equation alone measures the pressure difference (or gradient) between chambers and not absolute pressures within them. The calculation of an absolute pressure within a certain chamber using the pressure gradient obtained from the Bernoulli equation requires knowledge of a reference pressure, as explained in the following examples.
RV and pulmonary artery systolic pressure-For quantitative assessment of right ventricle systolic pressure (RVSP), the peak tricuspid regurgitant jet velocity, obtained at continuous wave Doppler, is used to calculate peak pressure gradient between the RV and right atrium during systole using the modified Bernoulli equation. The RVSP is then calculated by adding the estimated right atrial pressure to the measured gradient. The pulmonary artery systolic pressure is equal to the RVSP in the absence of pulmonic stenosis.
Left atrial pressure-In the presence of mitral regurgitation, left atrial pressure (LAP) can be calculated by using the Bernoulli equation as the difference between the systolic blood pressure and the mitral regurgitant gradient. Another method by which LAP can be assessed is by calculating the ratio of mitral E wave and tissue Doppler Ea wave at the lateral mitral annulus. This ratio gives a reasonable estimation of LAP, and it has been correlated with invasive measurements (21) .
Assessment of fluid responsiveness
Echocardiography allows the assessment of whether volume replacement will improve CO in patients with hemodynamic failure, thereby allowing the intensivist to avoid unnecessary and potentially harmful volume resuscitation. Regarding this aspect, two types of patients have to be considered: those on positive pressure ventilation and the spontaneously breathing patients.
In patients receiving mechanical ventilatory support, without any respiratory effort, the ultrasonographic examination of the vena cava can bring important information concerning fluid responsiveness. In this population, the superior vena cava collapsibility greater than 36% (measured by transesophageal echocardiography (22) or inferior vena cava distensibility greater than 12% to 18% (23, 24) is associated with fluid responsiveness.
Alternatively, tidal inspiratory increases in aortic flow velocity greater than 12% measured by Doppler echocardiography can also be used as a predictor of fluid responsiveness (25) .
The same rationale of heart-lung interactions cannot be applied to spontaneously breathing patients or patients on mechanical ventilation making inspiratory efforts. The best tested tool for this population is based on an intrinsic reversible fluid challenge, i.e., the passive leg-raising (PLR) test. An increase in CO greater than 10%, estimated by a variation in the VTI, in response to the PLR test, is the best bedside maneuver to determine responsiveness in these patients (26) . Qualitatively, an inferior vena cava diameter less than 1 cm in a hypotensive patient can also indicate preload responsiveness (27) .
CONCLUSIONS
We have described the most important hemodynamic parameters that can be obtained at bedside transthoracic echocardiography. We believe that the present text can be used as a brief script for the examination of most patients in shock in the ICU.
